Introduction
Pollutants in dye wastewater significantly vary due to the large number of dyes and other chemical compounds used in dyeing processes. The major compounds in dye wastewater are desizing and scouring agents, bleaches, reducing agents, detergents and wetting agents, finishing agents, organic acids and dyes, and fluorescent brighteners 1) . Physical, chemical and biological methods have been applied to remove high concentrations of such pollutants, but dye wastewater is generally nutrient deficient. Therefore, direct application of a biological process is not suitable for dye wastewater, so physico-chemical treatment based on flocculation is widely used for treating dye wastewater.
Flocculation uses inorganic coagulants (FeSO4 and Al2(SO4)3) or organic polymers 2) to remove color, organic acids, and some metals in dye wastewater 3) . However, this treatment produces large amounts of sludge requiring disposal. The problem of sludge can be resolved using an alternative Ti-salt coagulant 4) . Ti-salt flocculation allows a large amount of sludge to produce a valuable byproduct, titanium dioxide (TiO2) nanoparticles, after incineration of the sludge 4) . The recycled TiO2 produced from the Ti-salt flocculation sludge has high photoactivity and particle size of about 25 nm, which implies high potential for both TiO2 application and sludge reduction.
The present study investigated flocculation of dye wastewater using TiCl4 and Ti(SO4)2 coagulants to compare the efficiency of dye wastewater flocculation in terms of chemical oxygen demand (COD) removal and precipitation efficiency. The experiments produced , Dong-Hwa SEOL 3) , Ho Kyong SHON 4) , Geon-Joong KIM 5) , and Jong-Ho KIM Titanium dioxide (TiO2) is the most widely used metal oxide for environmental applications, cosmetics, paints, electronic paper and solar cells, so demand is increasing rapidly. TiO2 can be produced from Ti-flocculated sludge, which is superior to the commercially available TiO2 in terms of photocatalytic activity and surface area. This process also reduces the amount of sludge for disposal after waste water treatment. In this study, flocculation of dye wastewater using TiCl4 and Ti(SO4)2 coagulants was investigated to prepare TiO2 nanoparticles from Ti-salt flocculated sludge. Both coagulants showed high flocculation performance in removing organic matter (77%), total nitrogen (76%) and total phosphorus (95%) from dye wastewater. Therefore, Ti-salt coagulants can be used in dye wastewater treatment. Incineration of the Ti-salt flocculated sludge at 600 was performed to produce TiO2 nanoparticles. Detailed characteristics of the TiO2 nanoparticles were investigated in terms of X-ray diffraction, surface area, functional group, microscopy and photocatalytic activity. The TiO2 produced from TiCl4 and Ti(SO4)2 flocculated sludge (DCT and DST, respectively) had only the anatase structure with 20 nm particle size. The specific area of DCT and DST was 71 and 69 m 2 /g, respectively. Both DCT and DST were doped with carbon, silicon and sodium. Both exhibited high photocatalytic activity with complete degradation of acetaldehyde within 80 min under UV irradiation. These findings imply that TiO2 nanoparticles produced from wastewater sludge have significant potential for applications such as photocatalyst bricks, ceramic filters for air/water purification, and selective catalytic reduction catalysts.
TiO2 nanoparticles from incineration of the Ti-salt flocculated sludge produced from dye wastewater and characterized the TiO2 nanoparticles in terms of BET surface area, Fourier transform infrared spectrometry (FTIR), scanning election microscopy/energy dispersive X-ray (SEM/EDX), high resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), and photocatalytic activity.
Experimental

1. Dye Wastewater
The initial pH and COD of dye wastewater obtained from a dye wastewater treatment plant in Daegu, South Korea, were 12.4 and 449 mg/l, respectively. Table 1 presents the characteristics of the dye wastewater used in this study.
F l o c c u l a t i o n w i t h T i C l4 a n d T i ( S O4)2
Coagulants Ti-salt coagulant (TiCl4 and Ti(SO4)2) was added to the dye wastewater and stirred rapidly for 1 min at 100 rpm, followed by 20 min of slow mixing at 30 rpm, and 30 min of settling. COD, SS, TN and TP were analyzed using standard methods 5) . Here, TN is the sum of nitrate (NO3 -), nitrite (NO2 -), organic nitrogen and ammonia (NH4 ) in the wastewater. TP is a measure of all forms of phosphorus including orthophosphate (PO4 3-), dissolved organic phosphorus, and particulate phosphate. The pH was measured with a pH meter (Thermo Orion, USA). The decantability test to investigate the settling velocity of the floc was observed using an Imhoff cone by a volumetric method 6) .
3. Characteristics of TiO2
Incineration of the sludge produced from Ti-salt flocculation of the dye wastewater produced white particles, which were characterized by high resolution XRD (D/MaxUltima, Rigaku, Japan), SEM/EDX (S4700, Hitachi, Japan), FTIR and HR-TEM (Tecnai F20, Philips, Holland). Adsorption and photocatalytic oxidation of acetaldehyde over the TiO2 particles illuminated by ultraviolet A (UVA) light were studied using an airtight reactor with a total volume of 2 l. The reactor was equipped with two 10 W, 352 nm UVA lamps (Sankyo Denki, F10T8BL, Japan) and had three rubber openings; the first was used for the injection of acet aldehyde, the second was connected to an air pump to ensure mixing of air inside the reactor, and the third as provided a sampling aperture connected to a gas chromatograph GC/HID (M600D, YoungLin, Korea) with a Supel-Q PLOT capillary column (30 m 0.52 mm) for measuring the acetaldehyde concentration.
Results and Discussion
1. Flocculation Performance of TiCl4 and
Ti(SO4)2 Coagulants Table 2 shows the different water quality parameters after flocculation of dye wastewater with TiCl4 and Ti(SO4)2 coagulants. Both Ti-salts decreased the pH of dye wastewater to pH 2.2-2.7. Both coagulants acidified the flocculated solution due to hydrolysis of the coagulants, possibly due to the effect of the zeta potential on the Ti-salt floc. The COD of the dye wastewater was decreased from 449 mg/l to 108 and 103 mg/l for TiCl4 and Ti(SO4)2, respectively. The removal of TN using TiCl4 and Ti(SO4)2 was 76% and 77%, respectively. This high removal of TN was probably due to the decrease of organic nitrogen present in the high concentration of organic components. Both coagulants removed TP by up to 95%. Detailed removal mechanisms of COD, SS, TN and TP can be found elsewhere 3) . Therefore, TiCl4 and Ti(SO4)2 coagulants can effectively replace the most commonly used Fe-salt coagulant in dye wastewater treatment. Figure 1 shows the sedimentation ratio of the settlable floc after TiCl4 and Ti(SO4)2 flocculation. The precipitation efficiency of TiCl4 was similar to that of Ti(SO4)2. The sedimentation ratios of both Ti-salts were better than that of Fe-salt (data not shown). After 30-min settling, 73% of the floc had settled in the dye wastewater using TiCl4 and Ti(SO4)2. After 30-min settling, there was no significant improvement. Therefore, Ti-salt coagulants can minimize the settling time for the effective treatment of dye wastewater.
2. Characteristics of TiO2 2. 1. XRD Pattern
Sludge produced from TiCl4 and Ti(SO4)2 flocculation of dye wastewater was incinerated at 600 to remove the water content and organic components. Incineration produced white particles, which are named as DCT and DST as produced from TiCl4 and Ti(SO4)2 flocculated sludge, respectively. XRD patterns were first measured to identify the structure of DCT and DST (Fig. 2) . The anatase TiO2 structure was predominant in both DCT and DST. This structure was expected because a similar finding was previously observed 4) . Figure 3 shows the N2 adsorption-desorption isotherms and pore size distribution (inset) of the DCT and DST photocatalysts. The BET specific surface areas of DCT and DST were 71 and 69 m 2 /g, respectively ( Table 3 ). The surface areas of both photocatalysts were higher than that of the P-25 TiO2 (50 m 2 /g), which is the most widely used photocatalyst 4) . The mesopore volumes of DCT, DST and P-25 were 0.43, 0.37 and 0.25 cm 3 /g, respectively. Figure 4 shows the SEM and HRTEM images of DCT and DST. The SEM images showed different sizes, shapes and dimensions of the aggregated particles for DCT and DST. The HRTEM images showed that nanoparticles of about 20 nm size were formed after incineration at 600 . Investigation of the particle size distribution of TiO2 produced from TiCl4 flocculation of synthetic wastewater found a broad range of size distribution 7) . TiO2 calcinated at 600 produced a high proportion of up to 25% of 10-25 nm size particles.
2. 2. Surface Area of DCT and DST
2. Visual Observation of DCT and DST
EDX analysis was performed to determine the presence of the different elements in DCT and DST (Table 4) . DCT and DST were mainly doped with C, Si and Na atoms, whereas P-25 was high purity, consisting of only Ti and O atoms. The atomic percentages of C, Si and Na in DCT and DST were 5.09% and 6.54%, 1.12% and 0.35%, and 0.56% and 0.72%, respectively. Interestingly, DCT and DST contained no phosphorus, as flocculation removed the phosphorus content, in contrast to the previous finding 4) . This may be due to the low original phosphorus concentration.
2. 4. Functional Group of DCT and DST
The FTIR spectra of dye wastewater Ti-salt flocculated sludge, DCT and DST are shown from 2000 cm -1 to 500 cm -1 in Fig. 5 8) were observed in DCT and DST in the range of 500-900 cm -1
. However, no specific IR spectrum was identified compared to that of P-25.
2. 5. Photocatalytic Activity
The photocatalytic oxidation of acetaldehyde was investigated with DCT and DST photocatalysts (Fig. 6) . P-25 was used as a reference. Acetaldehyde was adsorbed onto TiO2 surface under dark conditions for 60 min (lamp off). Acetaldehyde removal after 60 min adsorption was trivial for all TiO2 samples used. However, complete removal of acetaldehyde was observed within 80 min under UV irradiation. Similar 
Conclusions
TiCl4 and Ti(SO4)2 flocculation with dye wastewater was evaluated to compare the performance in terms of organic removal and precipitation efficiency. DCT and DST produced from the incineration of the Ti-salt flocculated sludge were characterized by SEM/EDX, XRD, TEM, FTIR and the photodecomposition of acetaldehyde under UV irradiation. The following conclusions were obtained: (1) Removal of COD, TN and TP after TiCl4 and Ti(SO4)2 flocculations of dye wastewater was 77%, 76% and 95%, respectively. Both coagulants can thus be used for dye wastewater treatment. , Dong-Hwa SEOL 3) , Ho Kyong SHON 4) , Geon-Joong KIM 5) , and Jong-Ho KIM 
